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Abstract 
 
This dissertation focuses on a small scale wind turbine placed on a building. The aim of 
this thesis is to study the effects on the urban areas on the electricity production. 
 
The initial investigation put emphasis on the performance of the wind turbine which 
was calculated by using software, called QBlade, along with the assistance of some dif-
ferent assumptions (conclusions) for the effects of the urban area and buildings regard-
ing the velocity profile. 
 
Finally, I want to thank my supervisor Professor Georgios Giannakidis for his guidance, 
his patience and his time. 
 
 
 
Skountzos V. Ioannis 
12/11/14 
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Introduction 
 
Kyoto protocol forced many countries to reduce greenhouse gas emissions (GHG) up to 
20% by 2020 in order to mitigate climate change. About 30-40% of electrical energy, 
for many countries, will need to come from renewables and wind energy will play a vi-
tal role in order to succeed this target. 
 
The use of wind energy is becoming increasingly more important. Each year, more and 
more large industries manufacture and install wind turbines with thousands of MWs of 
new capacity. 
 
This thesis shall provide a study of small scale wind turbines in an urban area and more 
specifically on a building. The study and deployment of a wind turbine in an urban area 
is more complicated than in rural, open spaces. Thus, there are some major issues which 
can be identified: The wind characterization around buildings, the specific design re-
quirements of the wind turbines in an urban area and finally the deployment of the WT 
on a building.  
 
 
Figure I.1: Different sizes of wind turbines [4]  
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Chapter 1 introduces the general facts about wind turbines. In this chapter the historical 
development, the different types of wind turbines and different heights as it shows at 
figure 1, which are used nowadays is presented. 
 
Chapter 2 sets out the basis of this thesis. Small scale wind turbines are introduced in 
this chapter. The types of small wind turbines and their advantages and disadvantages 
are also discussed in this chapter. 
 
Chapter 3 provides some general information about horizontal axis wind turbines. In 
this chapter the main issue is the performance of a HAWT CP-λ, CQ-λ and CT-λ perfor-
mance curves, and a description of their main parts. 
 
Chapter 4 discusses how wind velocity affects the performance of a wind turbine on a 
building. There are many wind velocity parameters which must be taken into considera-
tion in order to clarify how the wind affects the performance of a wind turbine. This 
chapter also concentrates on the historical data and the geographical analysis of the 
wind’s velocity in the city of Thessaloniki, which is the area that this thesis examines. 
Finally, this chapter also refers to the energy potential of the wind on a building. 
 
Chapter 5 provides the constructing analysis of a wind turbine placed on a building in 
an urban area. The aerodynamic analysis via Reynolds number, rotor blades, airfoil and 
load, materials which are used, the insulation which is necessary and the power genera-
tion are examined in details in this chapter. Last but not least is the examination of the 
loads on the wind turbine and how damage can be avoided. 
 
Chapter 6 presents the Qblade program. It is important to understand the procedure that 
has been followed and the reason that this program has been used. There are three pa-
rameters which have been used for this program. First of all, the building’s height and 
its effect on the other buildings in the neighborhood. Secondly, the height of the small 
scale horizontal axis wind turbine in order to produce the maximum power and not to 
have problems with its stability, noise, weight.  
 
Chapter 7 and Conclusions present the results from the program and the main conclu-
sions of the work.  
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Finally, although non-technical barriers such as regulations and economics are very im-
portant for successful installation of WT in the urban area, these will not be analysed in 
the present work. 
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Chapter 1: General facts about 
wind turbines 
 
1.1 Wind turbines in history [5, 6] 
 
The first attempt 
Human attempt to generate electricity from the wind power is traced back to the nine-
teenth century with the use of a windmill (the first wind turbine) with a 12 kW DC (di-
rect current). This first try was constructed by an American, Charles Brush. 
 
However, for many years the interest in using the wind energy for generating electricity 
was minor. The main interest was for battery charging for the distant residences. Fortu-
nately, these systems were stopped when the access to the grid of electricity became 
available. 
 
 
Figure 1.1: The first try (Righter, Robert W. (1996) 
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The 30’s 
In 1931 a 100kW with a 30 meters diameter was constructed in the USSR (today Rus-
sia). 
 
The 40’s 
Later in 1941, Smith - Putnam who developed a 1250kW wind turbine in the USA. This 
extraordinary turbine had a 53 meters steel rotor. Even though, the machine failed in 
1945 (only ran for 1100 hours), it remained the largest wind turbine for the next 40-50 
years. 
 
 
Figure 1.2: The Smith –  Putnam WT  
 
The 50’s 
In the early 50s Andrea Enfield designed a 100kW wind turbine with a 24 diameter 
pneumatic design in the UK. The main difference of this turbine is that for the first time 
hollow blades were used, which were open at the tip, in order to draw air up through the 
tower and then to the generator with the help of another turbine. 
In 1956 in Denmark, 24 meters Gedser turbine was constructed producing 200kW. 
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Figure 1.3: The Gedser turbine  
 
The 60’s 
In 1963, Electricite de France tested a turbine which had 35 meters diameter and pro-
duced 1,1 MW power. 
 
The 70’s 
The increase in oil prices in 1973 was the main factor that UK, among other countries, 
turned to other sources for energy production such as solar energy, wind energy etc. 
This led the governments, especially the USA, to fund new programs of research. The 
results were impressive as a new type of turbines were constructed starting with 100kW 
power and 38 meters diameter up to 97.5 meters diameter with 2.5 MW in 1987. The 
same strategy was followed by other countries as well, such as in Canada (4MW verti-
cal axis Darrieus wind turbine), in the UK (straight blades for a vertical axis design for a 
500 kW prototype constructed), in Denmark (3 bladed, upwind stall wind turbine regu-
lated rotor and a fixed speed induction generator drive train with a 60 meters diameter 
and power up to 1.5MW) 
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Figure 1.4: A wind turbine back in 70s  
 
The 80’s 
In USA, in 1981, a 3MW horizontal axis wind turbine, which used a hydraulic transmis-
sion and the entire structure, was orientated into the wind. The optimal number of 
blades was not specified for a long time, but for large scale horizontal axis turbines the 
usual number was one, two or in most cases three blades. 
 
Between 1981 and 1990, a 20 to 350kW wind turbines, installed in California, gave 
over 1,700 MW and produced over 3.000.000 MWh of electricity which was enough to 
give power to a city with 300.000 people. 
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Figure 1.5: A wind turbine in 80s 
 
The 90’s 
The market turned to Europe and Asia after 1990, with high utility power rates wind 
turbines (which) had installation of 50kW up to 1,5MW mainly in Germany, Denmark 
and the Netherlands  
 
The first offshore wind farm, consisting of 11 wind turbines with 450kW power con-
structed at Vindeby in 1991.  
 
 
Figure 1.6: Wind turbine at Vindeby 1991  
 
The first decade of 2000 
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After the 90s the main scope for using wind turbines was to decrease the CO2 emis-
sions, and the high potential of the wind energy to generate power. 
The first attempt to use an offshore substation, which aimed to increase the power col-
lection voltage from 30kV up to 150KV for transmission to shore, was a 160kW wind 
farm and was constructed in Denmark in 2002  
In 2010, a wind offshore wind farm with a 500MW was built in England, whereas new 
projects with 1000MW are under construction. 
After the Kyoto protocol (20% of all energy should be from renewable sources by 2020) 
the need for a swift from oil to renewable sources in electricity production makes it im-
perative for increasing interest in wind energy. 
 
 
Figure 1.7: The Kappel (Denmark) wind farm 2002  
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Figure 1.8: The variety of size power and rating over the years [5] 
 
1.2 Types of wind turbines 
There are two types of wind turbines nowadays. The vertical-axis wind turbines 
(VAWT) and the most commonly used/seen, horizontal-axis wind turbines (HAWT). 
 
1.2.1 Vertical axis wind turbines (VAWT) 
 
The main rotor shaft is set vertically. At the base of the turbine the main components are 
located. There are two types of VAWT: drag and lift VAWTs. Their main difference is 
that the lift VAWTs are more sensitive to turbulence. 
 
Advantages and Disadvantages of VAWTs 
The main advantage of this type of wind turbine is that it can accept the wind from any 
direction, so it doesn’t need to be pointed into the wind. Another advantage is that the 
gearbox and the generator are located close to the ground facilitating repair and service. 
Finally, it doesn’t create vibrations and noises [6, 7] 
On the other hand, one of the main disadvantages is that the rotor is closer to the 
ground, and there is cyclic variation of power on every revolution of the rotor. Another 
disadvantage is that the blades are prone to fatigue due to the variety of the applied 
forces during rotation. [7,8] 
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Aerodynamics of VAWTs 
The amount of power that can be absorbed by the WT is [9]: 
 
  
 
 
     
  
 
Where ρ=air density, A=swept area, u=the wind velocity and Cp=power coefficient 
The angle of attack and the resultant airspeed flow are calculated as [10]: 
 
        
    
      
  
 
   √            
 
Where,  
  
 
, tip speed ratio 
The resultant aerodynamic force is divided into drag and lift components (D, L) or tan-
gential and normal (T,N). The forces and velocities acting in a VAWT are: 
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Figure 1.9: Forces and velocities acting in a VAWT  
 
There is a variety of shapes and sizes. The most common designs are: 
 
 Savonius rotor 
It can be found as a ventilator in delivery vans or railway carriages. It is a drag 
type turbine having two or three scoops. A two scoop machine looks like “S” 
letter. The differential drag is the reason that the turbine spins [1, 11]. 
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Figure 1.10: Savonius rotor  
 
 Darrieus rotor 
Is a vertical axis wind turbine which has a number of curved aerofoil blades ro-
tating vertical of the surface line. The airfoils moving forward in a circular path 
due to the rotor’s spinning. An angle of attack is created to the blade due to the 
oncoming airflow which is added to the wind generating force. This force with 
the help of the positive torque to the shaft rotates it [1, 12, and 13]. 
 
 
 
 
Figure 1.11: Darrieus rotor  
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 Giromill [1, 14] 
Is almost the same as the Darrieus turbine. It uses vertical airfoils which is the 
main difference of the Darrieus rotor. Another giromill is the cycloturbine which 
has a blade that rotates around its own vertical axis. 
 
  
Figure 1.12: H-rotor and cycloturbine  
 
1.2.2 Horizontal axis wind turbine 
 
Horizontal axis wind turbine (HAWT) has a shaft which is mounted parallel to the 
ground, horizontally. It must be always aligned with the wind using a mechanism ad-
justment called yaw. It is a system that is consisted of gearboxes and electric motors, 
which move the entire rotor right or left in small increments. This process can happen 
with an electronic controller which “reads” the wind speed and direction and adjusts the 
position of the rotor in order to capture the most available wind energy. [3, 5] 
Horizontal axis wind turbines are usually used in wind farms for electric power produc-
tion. Furthermore, they can be used for residential needs, in smaller scale. [1] 
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Figure 1.13: Various types of HAWT [3] 
 
Advantages and disadvantages of the HAWTs [15] 
The main advantage for using HAWT is the high efficiency as the blades always move 
perpendicular to the wind. The high height assists for stronger wind thus, generates 
more energy. Finally, the optimum angle of attack (α) is succeeded to the turbines blade 
from the variable blade pitch. Optimum angle of attack is remotely adjusted and thus, 
gives greater control so the HAWT can collect the max amount of wind energy. 
However, using HAWTs has also disadvantages. The taller the tower is, the more diffi-
cult and more expensive to transport and install their parts can get. High height wind 
turbine is aesthetically unpleasant and creates many problems such as signal cutter (af-
fecting the side lobes of radar installations). Finally, when the tower construction is 
strong, the gearbox, the generator and the blades get heavier. 
 
Operation of the wind turbine 
With the help of rotor blades, the wind turbine captures the energy of the wind and con-
verts it to rotational energy. This energy is transferred into generator by shaft and there 
the rotational energy of shaft becomes electricity. 
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Figure 1.14 Horizontal axis wind turbine  
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Chapter 2: Small scale wind 
turbines 
 
2.1 General facts 
Small scale wind turbines may be considered to be “mini” versions of the large scale 
wind turbines. But there are many differences between the two of them. The main dif-
ference is the economic issue. Energy from large grid connected turbines costs less than 
from small scale wind turbine because small scale wind turbines generate less electricity 
per initial investment costs than larger wind turbines. [19] 
 
Another difference is the installation requirements. For small scale wind turbines in 
most cases (diameter less than 2m and not attached to the property) do not need either 
building permits or bureaucratic processes. Finally, large turbines reach much higher 
from the ground so can utilize better conditions of the wind. 
 
 
Figure 2.1: Small scale vs Large scale wind turbine [20]  
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Small scale wind turbines are used mainly for residential use for example individual 
homes, schools, businesses, farms. They produce electricity up to (in some cases) 
100kW. In order to allow sensitivity to low wind speeds, some units of the turbine have 
been constructed to be very lightweight. [4, 18] 
 
Small scale wind turbine can be used on and off grid. 
For on-grid (cottage, business, farm or home): small wind can help to be independent on 
the local electricity utility by supplying the owner’s grid. 
For off-grid (cottage, business, farm, home, a boat, a remote station or community): 
small wind provides electricity to remote locations for the whole year. 
For isolated grids, which the system is not connected to the national electrical grid: 
small wind reduces the use of fuels, reducing pollution and saving fuel costs. 
 
 
 
Figure 2.2: Small scale wind turbines[4]  
 
A small scale wind turbine can be installed on a building. Thus, some issues must be 
resolved such as vibration of the turbine, turbulence caused by the ledge (this problem 
leads to generate small amounts of power) and mainly the strength of the roof. [17] 
 
It is usually preferred to have Horizontal axis wind turbines but every year more and 
more vertical axis wind turbines are used. 
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They usually consist of 2 or blades made from fiber-reinforced plastic. They have no 
brakes and the rotor turns out of the wind in case of over-speed protection. They also 
have a tail which helps the blades aim into the wind. [16] 
 
Three phase generators are usually used with alternating current (AC). In order to con-
vert direct current (DC) output to alternating current, power inverters and battery charg-
ing is used. 
 
2.2 Advantages and disadvantages of small scale 
wind turbines [18]. 
Advantages: 
 Reliability and high durability 
 Reduce CO2 emissions  
 Easy installation in insolated locations 
 All existing land uses may continue to any other use without obstacles 
(small scale wind turbines use only a small percentage, about 2% of the 
land) 
 
Disadvantages 
 Require a relatively high initial investment and require some mainte-
nance because they have moving parts 
 There is a concern about the noise generated by the blades of the electric 
motor 
 The opinions on the aesthetic (visual) impact are split. 
 
2.3 Towers 
There are four types of small scale wind turbines towers: 
 
Guyed tower (for residential use) [21]: 
Is up to 24 meters height and applies for small scale wind turbines up to 5kW. It is sim-
ple structure with low cost and easy to install. The tower body consists of a steel tube 
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with 4 to 8 wires. Although there is noticed that some vibration is generated because of 
the small size of the tower.  
 
 
Figure 2.3: Guyed Tower [21]  
 
Tilt-up Tower [21] 
It is from 1kW to 5kW. The main advantage of this type of tower is that can lay down 
without a hydraulic rotor or crane. This will protect the turbine from strong winds and 
reduce the maintenance costs.  
 
  -32- 
 
Figure 2.4: Tilt-up tower [21] 
 
Self-Supporting tower [21] 
It is from 5kW up to 10kW. It has small footprint but higher costs than the others. They 
are typically four (sometimes three) sided lattice type structures made from pipe, angle 
or solid rod. They can be transferred and installed easily. 
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Figure 2.5: Self-Supporting tower [21]  
 
Monopole tower [22] 
It is from 5kW up to 10kW. It has the smallest footprint of all types of towers and it 
doesn’t need any wires. It is easy and quick to install with the help of a crane and is aes-
thetically pleasing. The only disadvantage is the higher costs. 
 
 
Figure 2.6: Monopole tower [22]  
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Chapter 3: Small scale wind 
turbine on a building (Study 
and performance of wind tur-
bines) 
 
Built-environment wind turbines which are located in an urban environment. They are 
usually small scale wind turbines of a capacity of 100kW or less.  
Many wind turbines were not designed for built environment with lower average wind 
speed, numerous changes in wind direction and with high turbulence but for rural areas. 
[24] 
But recent research shows that there are promising opportunities for wind energy in ur-
ban areas. However, it is important for the developers to pay attention to the local wind 
conditions as the efficiency of the turbine is very sensitive to the instantaneous varia-
tions in wind conditions which happen in urban environment. Other difficulties for the 
wind turbines in an urban area are loads to a building structure, noise, structural failures 
and vibrations. [23, 24] 
 
3.1 Optimal position of a wind turbine on a roof of a 
building. 
 
The optimal position of a wind turbine on a roof of a building is to be placed it above 
the turbulence layer. The wind turbine must be placed as closer as to the edge of the 
roof for the prevailing wind. The height plays important role as a lower height is a ma-
jor advantage for a WT placed near the roof’s edge and also from the prospective of 
height restrictions and costs. [23] 
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Figure 3.1: Wind turbulence on a building [23] 
 
This only happens if the wind blows from the prevailing direction rather than other di-
rections.  
 
3.2 Vibrations 
 
One of the biggest disadvantages is that the vibrations which are created by the wind 
turbines and transmitted to the building.  
 
Wind turbulence is created by roof tops and interferes with the operation of the turbine. 
Wind turbulence reduces the power production of the turbine even if sophisticated vi-
bration dampening systems are added to the wind turbine in order to help the isolation 
of it from the building. This leads to the damage of the turbine. A solution to that prob-
lem is to increase the height of the turbine (turbine’s tower) up to avoid the turbulence. 
However, this solution leads to higher costs, reducing its safety and finally, adding to 
the complexity of the installation. [24] 
 
One solution to that problem is the reinforced concrete. With the use of it on roofs may 
be able to absorb a part of the wind turbine’s loads. 
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Another important consideration for the built-environment wind turbine is vibration and 
resonance. When resonance frequency of the mast’s combination and roof falls within 
the operating frequency is between a range of the wind turbines such as 1-10 Hz.  
 
Then, wind turbines may produce vibrations into the building. In order to prevent any 
unwanted effect due to these phenomena, the resonance frequency’s mast type turbine is 
designed to be below 1 Hz. 
 
The system’s mass determines the width of the support structure’s and building’s poten-
tial vibration. 
 
3.3 Mathematical analysis of the performance 
 
The wind turbine is a rotor machine which transforms the kinetic energy (from the 
wind) to mechanical. Then, the mechanical energy is converted to electrical power 
(electricity). 
 
A kinetic energy is calculated from: 
 
   
 
 
      
 
With the air’s volumetric flow rate through the turbine is Au and the air’s mass flow 
rate is ρAu in kg/s, the P (power output) will be: 
 
  
 
 
        
 
 
     
 
With A (swept area by the rotor blades):  
 
  
 
 
   
 
  -37- 
The power extracted from the wind is given by: 
 
  
 
 
      
    
   
 
So the mass flow rate will be: 
 
  
  
    
 
 
 
 
And with some modifications the power coefficient of the rotor (Cp): 
 
   
(  
  
  
)     
  
  
   
 
 
 
Cp peaks at the Betz limit which is Cp =16/27 or Cp =0.59 so the ideal case is 
  
  
     
 
The Betz limit or efficiency implies that the maximum power that can be produced by 
the wind cannot be over 0.59 or 59%.  
 
 
Figure 3.2: Betz Limit [3] 
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This efficiency can only be achieved when the velocity of the air behind the wind tur-
bine is 1/3 of the velocity of the air before the turbine. In real cases, the efficiency of the 
rotor reaches 0.5 or 50% and usually is ranged from 20% to 40%. 
 
Therefore: 
 
   
 
 
       
 
 
 
Figure 3.3: A turbine with A area and wind with u velocity [ 26] 
 
The best way to describe the performance of wind turbine is the power curve which 
specifies the power output (in kW) in terms of wind speed (in m/s). This curve gives the 
turbine efficiency. [27] 
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The rated speed is the minimum wind turbine’s speed has to produce at rated output. [4] 
 
The lowest speed of the wind that generates power is known as cut-in-speed. [4, 27] 
 
When the wind speed increases and the cut-in-speed starting to rise to the rated speed, 
the output power rises up to the rated output. [4] 
 
 
Figure 3.4: Power curve of a wind turbine [27] 
 
Finally, in the third region wind speed are over the rated speed of the wind and the 
power output remains constant at the rated value.  
 
There are two ways to achieve this regulation of power: through natural stalling of the 
flows over the blades or through the control of the angles of the blade pitch. When the 
wind speed exceeds (after region three) the cut-in-speed value and the turbine must 
safely shut down. [28] 
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Figure 3.5: Wind turbine configuration [28] 
 
3.4 Weibull Distribution – Reyleigh Distribution 
 
Weibull distribution 
 
Weibull distribution is a traditional method for expressing the probability density of ve-
locities of the wind. The graph below shows a typical site which the median wind speed 
is about 6.7 m/s (indicated by the vertical line). The areas below the curve are equal on 
every side. 
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Figure 3.6: Weibull’s distribution graph [29] 
 
The Weibull distribution is given by: 
 
      
 
 
  
 
 
         
 
  
 
 
 
For 0<u<∞ where k>0 and c>0 
 
And finally   
                                                  
  
 
 
The below graph shows the Weibull’s probability function with scale parameter c=10 
and shape parameter k=1, 2, 3 
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Figure 3.7: Graph of h and u with various k  [25] 
 
k=1,        , where λ=1/c 
k=2,              
 
 
k>3, makes it approach a normal bell shape distribution. 
 
 The energy distribution is given by: 
 
  
                                                            
  
 
 
Thus, for the Rayleigh equation the distribution look like the shaded curve in the below 
figure: 
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Figure 3.8: Wind speed and energy density frequencies for various wind speeds  
 
Rayleigh distribution 
 
It is a simplified situation of the Weibull distribution function in which the k (which is 
the shape parameter) is approximated as 2. [25] 
 
3.5 The performance curves 
 
The wind turbine’s performance can be characterized by three indicators which are: [3] 
 
 Power: which shows the amount of energy captured by the rotor,  
 Thrust: it is important for the structural design of the tower. 
 Torque: determines the gear box’s size and must be matched by any generator is 
being driven by the rotor. 
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Figure 3.9: Distribution of blade loads for different tip speed ratios [ 3] 
 
The Cp-λ curve of performance 
 
 
Figure 3.10: The Cp-λ performance curve [3] 
 
At the above performance curve the maximum Cp value is 0.47 at speed ration of seven. 
This is less than the Betz limit for that λ and is caused by drag, tip losses and also the 
stall which reduce the Cp at low values of the λ. However, without these losses the max-
imum value of Cp won’t also reach the Betz limit as the blades are not perfect. 
 
Another considerable parameter is the solidity. Solidity is the total blade area disunited 
by the swept area. Changing the number of blades or the blade chord the solidity could 
change readily. [3] 
  -45- 
 
It is important to examine the change of the solidity as: 
 High solidity makes the turbine very sensitive to λ changes and there will be a 
relatively low Cp maximum value if the solidity is too high which is caused by 
stall losses. 
 Low solidity (flat, broad curve) means that the Cp will remain almost unchanged 
over a wide λ range. However the maximum value of Cp is low because the high 
drag losses. 
 Optimum solidity (achieved with 3 blades) but can also be achieved with 2 
blades even if the lower Cp maximum value which may lead in a larger energy 
capture. 
 
The CQ-λ curve of performance 
 
The CQ-λ curve of performance shows the torque coefficient which is derived from the 
power coefficient diving by the λ. The torque assessment when the rotor is connected to 
a generator and a gear box is the main use of CQ-λ curve. 
 
 
Figure 3.11: CQ-λ with the effect of solidity [3] 
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The CT-λ curve of performance 
 
The CT-λ curve of performance shows the rotor’s thrust force which is applied to the 
supporting tower so considerably affects the tower’s structural design. 
Finally, if the rotor’s thrust increases the solidity will increase too. 
 
 
Figure 3.12: CT-λ with the effect of solidity [3] 
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Chapter 4: Wind characteristics 
 
Figure 1 shows the wind resources at 80 meters above ground level for the European 
Union countries published in 2012. Northern countries have the highest amount of wind 
speed (up to 12-13 m/s). The coasts around Europe have high amount of wind speed (up 
to 10-11 m/s). However, in the European mainland the wind speed differs from 3-4 m/s 
up to 5-6 m/s. 
 
 
Figure 4.1: Wind resources, 80metres above ground level, Europe  
 
The following figure (3.2) shows that in Greece, the areas with high wind velocity (up 
to 10 m/s) are mainly the Aegean islands and the mountainous northern Greece because 
of the high mountains. 
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Figure 4.2: Yearly average of wind speed in Greece [ 31] 
 
The wind’s velocity profile is very complex especially in an urban area as it shown in  
figure 4.3. 
These figures provide the modification of the velocity profile as the wind flows from a 
free space to an urban area (over buildings). The main facts that reduce the mean wind 
speed are the buildings’ height and the distance into the urban environment. 
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Figure 4.3: The effect of the wind velocity into an urban area [ 32] 
 
It is important to identify the Internal Boundary Layer (IBL) as to predict the roof’s 
speed of the wind of a certain building. 
 
It is assumed that the wind comes from the left side. Then with roughness length z0,ref 
and creates a step from the roughness length to a built environment’s roughness z0. This 
downwind new step creates a new boundary layer called IBL. Above this layer the wind 
speed is undisturbed and equal to the wind speed upwind of the change of the rough-
ness. [32] 
 
For the height calculation Garret shows that:  
 
 
 
Thus the wind speed profile inside the IBL will be: 
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The velocity of the wind vector at the roof of a building is not parallel with the roof but 
creates an angle with it. This angle is the skew angle (figure 4.4) and depends on the 
building’s shape, surrounding roughness and the position at the roof.  
 
The performance of a horizontal axis wind turbine depends on the skew angle and with 
Glauert momentum theory for yawed flow shows a power decrease by a misalignment 
factor.  
 
 
 
The yaw angle can be interchanged with the skew angle thus the skewed flow decreases 
the power of the HAWT. And this is because of the symmetry of the rotor. 
 
 
Figure 4.4: Skew and yaw angle [32] 
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Figure 4.5: Difference in the wind velocity of an isolated and urban area [ 33] 
 
4.1 Wind Statistics 
 
The scope of this dissertation is to examine the wind and the wind turbine in a urban 
area. In order to do so it is necessary to examine the speed and the direction of the wind 
monthly and annually.  
 
The statistics are taken from windfinder.gr which is an internet site specializing in wind 
reports and recordings. For better results the reports are from Kalamaria’s station which 
is an area located east from the center of Thessaloniki with elevation 41m. 
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Figure 4.6: Kalamaria’s weather station [34] 
 
The figure below shows the wind direction throughout the year from Kalamaria’s 
weather station. The monthly wind direction reports are shown at the Appendix B at the 
end of the dissertation. 
 
Wind direction 
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Figure 4.7: Wind direction (yearly) [34, 35] 
 
From the figure above the wind direction is from northwest up to southwest.  
 
 There is a 12.3% of the wind distribution for the WNW (northwest direction 
mostly west) yearly. 
 There is an 11.1% of the wind distribution for the W (west) yearly. 
 There is a 10.6% of the wind distribution for the WSW (southwest direction 
mostly west) yearly. 
 There is an 11% of the wind distribution for the SW (southwest) yearly. 
 There is an 11.4% of the wind distribution for the SSW (southwest direction 
mostly south) yearly. 
 
Wind statistics 
 
The weather statistics are taken from Kalamaria’s weather station during the past year 
and more specific form 01/2013 – 01/2014 daily from 7am to 7pm local time. 
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Figure 4.8: Wind statics for Kalamaria’s station [34] 
 
The graph above shows the monthly average wind speed (m/s) at Kalamaria, the domi-
nant wind direction, the wind probability for equal or over 4 Beaufort and the average 
air temperature. 
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Chapter 5: Constructing small 
scale urban wind turbines on a 
building 
 
5.1 Blades 
 
In order to succeed in creating a successful blade design there are some objectives to 
have in mind:  
 
Maximise the energy yield (per year) for the specified wind speed distribution 
Avoid resonances 
Limit max power output 
Minimise costs and weights 
Resist fatigue and extreme loads 
Restrict tip deflections in order to avoid blade collisions,  
 
To design the blade properly there are two stages. 
First of all for the aerodynamic design the maximum power output must be limited and 
the annual energy yield must be maximized. The aerodynamic design focuses in select-
ing the optimum geometry of the blade (aerofoil family, twist, thickness and chord dis-
tributions). 
 
Secondly, for the structural design the objectives 2, 4 and 6 must be satisfied. It focuses 
in selecting the blade material and in determining the structural cross section. 
 
In order to find the optimal chord of the blades the tip speed ratio is needed. The tip 
speed ratio also known as λ has been mentioned above at chapter 3. The optimum chord 
is given by this equation with the help of λ, the number of blades, blade radius and the 
sectional blade radius: [3] 
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A new approach at the blade design is the swept tip blades. It is shown that this type of 
blades can reduce the blade tip noise as they can reduce the interaction of the blade trail-
ing edge with the tip vortex. They are also more aesthetic than the un-swept blade. The 
major disadvantage for this scenario is that the swept tip blades require higher manufac-
ture cost so they are optional. A good solution is the use of interchangeable blades so 
the users can choose the type which fits to their needs. [36] 
 
5.2 Rotor blade 
 
The rotor blade theory describes the forces (lift or drag) on the elements (with length δr 
and rad r) of the several blades liable for the rate of change of momentum (angular or 
axial) of the air which passes through the annulus swept by the elements of the blades. 
[3] 
The drop of the pressure causes the force on these elements. This drop on the pressure is 
related with the rotational velocity (ω) in the wake.  
 
The Blade Element Momentum Theory or BEM Theory suggests that there is no aero-
dynamic interaction between the elements meaning that there is no radial flow. The 
forces on the blade can be calculated by the angle of attack which is determined from 
the incident resultant velocity (u) in the cross-sectional plane of the element. [3] 
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Figure 5.1: Blade element sweeps [3] 
 
The axial relative wind velocity is calculated by: 
 
       
 
And the rotational relative wind velocity by: 
 
   
 
  
          
 
Taking a look from the blade tip (as it is shown at the figure 5.3) the blade twist angle 
θT is calculated relatively to the blade tip:  
 
           
 
And the angle of the relative wind by: 
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Figure 5.2: A look from the blade tip [2, 3]  
 
      
      
        
 
   
        
 
 
The U relative is calculated by: 
 
     
      
    
 
 
The lift force is calculated by: 
 
    
 
 
        
    
 
The drag force is calculated by: 
 
    
 
 
        
    
 
For B blades the total normal force is calculated by: 
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And this is because  
 
                    
 
The same happen with the tangential force as: 
 
                    
 
Finally, the torque which is calculated through the tangential force is: 
 
         
 
    
 
 
     
                    
 
In order to find the twist and the chord distribution of a blade, the Betz optimum rotor is 
been used. So, the wake rotation α’=0 the drag coefficient Cd=0 and the axial induction 
factor is α=1/3. 
 
5.3 Number of blades 
 
An important parameter for the designing of a wind turbine is the number of blades. It 
determines the cost, performance, aesthetics and weight of the WT. After many re-
searches WT with 3 blades produce much better performance, than those with 2 blades, 
for the complexity and the added cost. [3] 
 
From the other hand, although a 4 blade wind turbine performs slightly better than the 3 
blade WT the performance cannot justify the complexity and the added cost. Thus, the 
optimal design for the wind turbines is the 3 blade design. [3] 
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The number of the blades can also calculated by: [3] 
 
      
  
  
   
    
   
 
 
 
 
where μ=r/R, c(μ) the chord length at μ, Ν the number of the blades, Cl the lift coeffi-
cient and R the rotor radius 
 
 
Figure 5.3: The difference of three and two bladed turbines [3]  
 
5.4 Materials 
 
Using the correct materials is a major point for the construction of a wind turbine. After 
many years of experience in constructing of wind turbines the most suitable materials 
are the following: 
 
 Titanium, 
 Steel, 
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 Aluminum, 
 Wood, 
 Fibre composite material, such as carbon, glass and aramide fibres. 
 
The most important properties for these materials are: 
 
 specific weight (g/cm3) 
 strength limit (N/mm2) 
 modulus of elasticity (kN/m2) 
 breaking strength related to the specific weight, the so-called breaking length 
(km) 
 modulus of elasticity related to the specific weight, (103 km) 
 Allowable fatigue strength after 107 to 108 load cycles (N/mm2). 
 
Table 5.1: Strength and stiffness parameters of materials in principle avai lable for 
rotor blades [37] 
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5.5 Nacelle 
 
A closed nacelle is used for the housing the mechanical components and electric genera-
tor of a wind turbine. In some cases though, a small scale wind turbine does not need 
any nacelle. However, in case of complete integration of the components a completely 
closing housing could be useless. 
 
5.6 Yaw control [2, 3] 
 
Yaw control or yaw drive is the mechanism which rotates the nacelle according to the 
tower on its slewing bearing. It is necessary in order the turbine to keep facing the wind 
and to help cables and unwind power not to become overly twisted.  
 
It usually has one or sometimes more hydraulic or electric motors which are on the na-
celle each of which drives a pinion (which engages with gear teeth on the fixed slewing 
ring bolted to the tower) mounted on a vertical shaft through a reducing gearbox. 
 
The gear teeth (depending on the bearing arrangement) can be on the outside or on the 
inside of the tower, but they usually can be found on the outside on smaller machines so 
that the gear does not present a safety hazard in the space which is for personnel access. 
 
Yaw brakes are used (after a completed yawing operation) in order to avoid the situa-
tion of the drive motors having to absorb the yawing moment. Unless there is a special 
yaw drive with integrated breaking function, a yaw brake is needed. If not, it would not 
be easily guaranteed the life span of the upstream gears or of the drive units. Finally, in 
smaller scale wind turbines it is common to be created with yaw damping in the yaw 
bearing or azimuth bearing. 
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Figure 5.4: Typical yaw drive, yaw brake and yaw bearing [3]  
 
5.7 Generator 
 
The generator consists of a rotor which is carrying a field winding in order a set of 
windings named as stator produces a rotating magnetic field.  
 
Usually, with the help of a gearbox the blades spin a shaft which is connected with the 
generator. The gearbox converts the blades’ turning speed as fast as the generator needs 
to produce electricity. [37] 
 
Nowadays small scale wind turbines usually use a three phase direct drive permanent 
magnet generator (PMG), which does not require a gear box in order to increase the 
shaft revolution per minute (Appendix D) until it reaches the traditional DC motor revo-
lution per minute. This PMG operating revolution per minutes is characterized by the 
number of poles which are on the generators rotor. [38] 
 
A direct drive PMG in order to convert the AC to DC power for charging the battery 
uses a rectifier. A sample of a generator with figures is shown in Appendix C. 
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Hub and the PMG are connected through the bearing housing to the yaw shaft. The 
bearing housing is used in order to hold the PMG with the extension of the shaft in-line 
with the hub utilizing one bearing on the forward side of the yaw shaft. The PMG also 
has the help of 2 U-bolts, which strength the PMG against the bearing housing. [38, 39] 
 
The blades are attached to the forward side of the bearing housing using the aft mounted 
hub plate and the forward mounted hub plate. Finally, the PMG adjacent to the aft side 
of the bearing housing when in the same time the rotor hub adjacent to the shaft exten-
sion. [39] 
 
The bending load is taken by the bearing and the PMG gives the thrust load to the yaw 
shaft.  
 
 
Figure 5.5: Hub and motor disassembled [39] 
 
5.8 Loads and vibrations 
 
The major problems for a Building adjacent wind turbine are the loads at the building 
structure and the vibrations.  
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Loads 
Usually a new building structure can hold the loads for a small wind turbine. An issue 
could be the compatibility with an exterior material. Special mounting techniques may-
be required for the siding and other non-structural materials as bricks and mason would 
not present any problem. [40] 
 
In order to understand it better for a building with siding, for example, the siding into 
the structure might be penetrated by a special mount which allows the bracket to hover 
above the siding, in order not to pinch the siding against the structure and cause dam-
age. Thus, pre-drilled holes are used to avoid the material crumbling and falling off the 
building’s wall. [40] 
 
Vibrations 
It is already known that vibrations which are caused from the high speeds of the wind or 
the bad structure of the turbine can cause issues.  
 
Many small scale wind turbines had to stop due to excess of vibration and noise being 
transferred to the structure.  
 
Thus, one of the ideas to eliminate this problem was the use of rubber mounting shims. 
These shims must be placed between the mounting hardware and mounting arm which 
helps to isolate the building and the load path of the WT by putting a damper between 
the two. To achieve the desired level of vibration the number of shims can be increased 
(figure 5.6). [40] 
 
 
Figure 5.6: Rubber shims for vibration [40] 
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Chapter 6: Contribution 
 
Airfoil cross-sections are used for the creation of modern wind turbine blades QBlade 
program is introducing a two or three dimensional design and simulation of the blade of 
a wind turbine. With QBlade, blade profiles are constructed and presented.  
 
The main principle of this program is the Blade Element Momentum theory (BEM). 
This theory is used to calculate the chord length and the twist angle for a given rotation-
al speed and cross-section at finite number of blade positions along the span.  
 
A wind turbine’s aerodynamics are very influenced by the up and downstream from the 
rotor. Also they depend on the turbulent which has small scale flow conditions all 
around the blades. For all these a large simulated domain with a fine spatial resolution is 
needed. The use of CFD (Computational Fluid Dynamics) which can fulfill these re-
quirements is very time consuming and very expensive. Alternative simulations are vor-
tex methods, with limitations since they are supported on potential flow theory.  
 
The only design which can have the tools to do this is the BEM method, which is used 
to predict the efficiency of HAWT. Compared to CFD, BEM model has computational 
time significantly less and is very cost efficient.  
 
BEM model helps to develop and test different designs of rotors to each other, making 
small changes and test them again.  
 
BEM theory examines each cross-section of the blade as an independent airfoil. This 
airfoil experiences wind with a direction and speed that is the vector sum of the velocity 
generated by rotation and the velocity of the oncoming wind. This relative velocity 
changes along the span in magnitude and direction and so different airfoil cross-section 
have to be used in order to optimize the behavior of the wind turbine. [44] 
 
In this dissertation, the QBlade V8.0 software has been used. QBlade provides a calcu-
lation software to the user that is seamlessly integrated into analysis tool, an airfoil de-
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sign and XFOIL, in order to design a one solution software for the aerodynamical com-
putation and design of the blades of a wind turbine. The XFOIL’s integration allows the 
user to design custom airfoils, extrapolate the polar data to a 360
o
 range, compute their 
polars and finally integrate them directly into a simulation of a wind turbine. This step 
of importing and exporting foil and geometry data between programs is overlooked. A 
huge advantage of this program is that is accessible to a large number of interested peo-
ple skipping the usual command line interface tools. And this is because of the integra-
tion of the DMS code and BEM code into XFOIL’s sophisticated GUI (Graphical User 
Interface) [47]. 
 
The program teaches easily the user all the useful and fundamental relationships be-
tween chord, twist, type and control of the turbine and the power curve. The GUI helps 
for a post processor spot to understand better all the conducted rotor simulations and 
gives a deep insight to all rotor and blade variables which are relevant for verification, 
to compare with other rotor configurations. 
 
To sum up the program is friendly to the user and very flexible for wind turbine blade 
design. Finally, the QBlade program can act as a modular system which can be used for 
future implementations which can exploit the possibilities that a combination of para-
metric and manual airfoil analysis and design coupled with a simulation tool and blade 
design offers. 
 
The first parameter for calculation is the NACA number. It is an airfoil number which 
developed by the National Advisory Committee for Aeronautics (NACA). The NACA 
parameters are used into equations to generate the cross-section of an airfoil and calcu-
late their properties. [41] 
 
At this thesis a 4-digit NACA airfoil is used as the five-digit is for more complex air-
foils. 
 
The first digit in the NACA nomenclature is describing the maximum camber (in %) of 
the chord. The second digit is describing the distance of the maximum camber from the 
leading edge of an airfoil (in %) multiplied by 10. Finally, the third and fourth digit de-
scribing the airfoil’s thickness, at its maximum level, as percent of the chord. [42] 
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For example a NACA 1424 airfoil has: 1% of maximum camber, 40% from the leading 
edge and finally 24% of maximum thickness of the chord.  
 
If m is the maximum camber and p is the location of it, in order to calculate the mean 
camber line: [43] 
 
 
 
In order to calculate the thickness the coordinates (xL, yL) and (xU, yU) which are the 
lower and upper airfoil surface are needed: 
 
 
 
With, 
 
 
 
 
 
At this thesis a symmetric airfoil NACA0012 has been chosen. Also the Reynolds num-
ber, which is a dimensionless value that depends on the velocity, wing chord and fluid, 
is calculated by:  
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The velocity of the fluid (air at this example) is 2.5 m/s, the kinematic viscosity of the 
fluid is 1.5111E
-5 
m
2
/s for 20
o
C and the chord width is 1m.  
 
Thus the Reynolds number is estimated at 200000. 
 
The Ncrit value is a value which is used to model of the fluid’s turbulence or airfoil’s 
roughness. From the table below the most suitable Ncrit value is 9. 
 
Table 6.1: Ncrit values [45] 
SITUATION NCRIT 
SAILPLANE 12 TO 14 
MOTORGLIDER 11 TO 13 
CLEAN WIND TUNNEL 10 TO 12 
AVERAGE WIND TUNNEL 9 
DIRTY WIND TUNNEL 4 TO 8 
 
The Mach number is zero (0). 
 
For Reynolds number 50000 up to 1000000 the curves CL-CD, CL-α, Cm-α, CD-α will be: 
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Figure 6.1: The curves CL-CD, CL-α, Cm-α, CD-α [45] 
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In order to find the optimum α (o) for the calculation of CL and CD, with the help of the 
above table the maximum CL/CD for Reynolds number 200000, and Ncrit=9 is 41.5 for 
α=7.5. 
 
So the curves CL-CD, CL-α, Cm-α, CD-α will be: 
 
 
 
Figure 6.2: The curves CL-CD, CL-α, Cm-α, CD-α, for α=7.5, Re=200000 [45] 
 
And with these numbers the optimum CL and CD will be 0.8286, 0.01997 respectively. 
(Taken from the table in appendix E). 
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In order to design the wind turbine the following procedure is used. 
Choosing B=3 blades turbine with radius R=1m, AoA α=7.5, tip speed ratio λ=7 and the 
above CL and CD factors and knowing that the chord and twist angle distributions are: 
 
     
         
     
 
 
 
 
And 
 
              
 
respectively. 
 
θp0 is the section pitch and is calculated by: 
 
        
 
φ is the relative wind angle and is calculated by: 
 
        
 
  
 
 
  
 
The following table show the calculated chord length and twist angle for different val-
ues of the radial position r along the blade span. 
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Table 6.2: Chord and twist angle values.  
r/R c 
Twist angle θT 
(
o
) 
Relative wind angle 
φ(o) 
Section pitch θp 
(
o
) 
0,1 0,332 38,2 43,6 36,1 
0,2 0,207 20,0 25,5 18,0 
0,3 0,146 12,2 17,6 10,1 
0,4 0,112 8,0 13,4 5,9 
0,5 0,090 5,3 10,8 3,3 
0,6 0,075 3,6 9,0 1,5 
0,7 0,065 2,3 7,7 0,2 
0,8 0,057 1,3 6,8 -0,7 
0,9 0,051 0,6 6,0 -1,5 
1 0,046 0,0 5,4 -2,060 
 
With these chord and twist angle values are formed two graphs c-r/R and θT0-r/R: 
 
 
0,000
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0,100
0,150
0,200
0,250
0,300
0,350
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
c 
r/R 
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Figure 6.3: c-r/R and θT0-r/R curves 
 
These values will be used at the QBlade program. 
Opening the QBlade program and with the help of its guidelines the first thing to do is 
the selection of the airfoil. From the airfoil design choose the NACA foil. At this exam-
ple is chosen NACA0012. 
 
 
Figure 6.4: The airfoil for NACA0012 [46] 
 
After that using the XFoil direct analysis setting the Reynolds number and defining a 
range of AoA from -5
o
 up to +25
o
, the flow around the chosen airfoil is simulated to 
create a polar.  
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At this point the curves CL-CD, CL-α, Cm-α, CD-α are transformed. There is also a curve 
of CP-x and the simulation of the airfoil for different AoA. The figure below shows the 
CP-x curve for the airfoil, at which the pressure arrows are been shown, at a given AoA. 
 
 
 
Figure 6.5: The CP-x curve and the airfoil at α=7.5  [46] 
 
In order to simulate a Wind Turbine, the polar’s AoA range has to be extrapolated to 
360
o
.  
 
This happens with the polar extrapolation to 360
o
 button. In order to simulate a rotor or 
a turbine the data must be extrapolated polar data. 
 
As the figure below shows with this way two new curves are created (CL-α, CD-α) 
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Figure 6.3: CL-α, CD-α curves with 360
o
 view [46] 
 
The two curves above shows that at variable α different values of CL and CD are created. 
The maximum CL value is 1.12 for α=12 and the minimum value is -0.82 for α=-5. 
 
The maximum value for CD is when α=-80 and α=80 and it is CD=1.7 while the mini-
mum value is 0 for α=0. 
 
When the 360
o
 polar has been created, a new blade can be designed. 
 
The HAWT rotorblade design allows the user to create a new blade. At this example a 
three blade wind turbine with hub radius 0.2m and the diameter of the rotor 1m had 
been designed. The QBlade program gives the possibility to design a new blade by fill-
ing the table below with the chord and twist values from table 6.2 above. 
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Figure 6.6: The input values and the design products  [46] 
 
The most important part of this program is the BEM simulation. In other words BEM 
simulation is a rotor simulation submodule where over a range of tip speed ratios (λ), 
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rotor blade simulations are performed. A rotor simulation always comes out dimension-
less. The rotor radius is normalized for the computation and the freestream velocity is 
(usually) unity. This means that during the rotor simulation no load curves or power 
curve can be computed.  
 
The three curves (power coefficient-Tip Speed Ratio, thrust coefficient- Tip Speed Ra-
tio and axial induction factor- radial position) show the simulation results for different 
values of λ.  
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Figure 6.7: The curves: Cp-TSR, Ct-TSR, a-pos, for wind speed 2.5 m/s [46] 
 
From the graphs above for tip speed ratio 7 the Cp (power) coefficient is almost 0.35 
and Ct (thrust) coefficient is 5.1. The Betz limit which is the theoretical maximum pow-
er coefficient is 0.59 or 59%. Thus, at this example the maximum power coefficient of 
the wind turbine is lower than the Betz limit so the turbine does not work at its maxi-
mum efficiency. 
 
In the next step, the multi parameter simulation carries out simulations over a range of 
wind speeds, pitch angles and finally, rotational speeds. 
 
The multi parameter simulation is very helpful in order to design pitch controlled WT 
rotors or/ and custom control strategies for variable rotational speed. 
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Figure 6.7: The curves P-V, P-λ, T-λ and P-1/λ, for λ=7 and α=7.5 [46] 
 
For an average wind speed of 2.5 m/s and a rotational speed 100 rpm in order to get the 
maximum power the pitch angle must be 0
o
. The maximum power at this wind speed 
value is only 14.2 W and the maximum rotor torque is 1.3 Nm for λ=7. 
 
At the turbine BEM simulation the type of the WT is defined. At this example a stall 
regulated turbine is chosen  
 
This type of turbine has no pitch control and that means the power output is limited at 
the rotor when the stall occurs. An iterative approach is needed when a stall turbine is 
designed that limits its power at the desired wind speed to the desired output. 
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Another input for the design of the turbine is the transmission at which a single trans-
mission turbine has been selected as only one rotational speed is needed in which the 
turbine operates. 
 
The V cut-in and V cut-out are the speeds of the wind that the turbine starts to operate 
and stops the operation. For this example a V cut-in 1m/s and V cut-out 5 m/s has been 
selected.  
 
By defining the Weibull distribution factors k and A the program gives the annual yield. 
At this example the annual yield is 13 kWh for k=1 and A=1. 
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Figure 6.8: The curves P-V, S-V and a/a-x, for λ=7 and α=7.5 [46] 
 
At the graph Power – wind speed, the turbine is producing power when the wind speed 
is over 1.1 m/s, when the wind speed is 2.5 m/s (which is the mean average wind speed 
of this example’s area) the WT producing 14 W and finally when the wind speed is 2.8 
m/s the turbine produces at its maximum (almost 17 W). After that the turbine is pro-
ducing less than 17 W. 
 
For the second graph, Thrust- wind speed, the turbine has the maximum of the thrust 
(9.2 N) when the wind speed is 2.8 m/s and when the wind speed is 2.5 m/s (which is 
the mean average wind speed of this example’s area) the thrust is just over 8 N. 
 
The information for the overall rotor performance is given by the Cp over λ curve. A 
BEM computation is represented by every point of this curve for wind speed or one tip 
speed ratio. 
 
From the other hand, by adding up the forces which are acting on the elements the trust 
is calculated. The blade variables like α, give information from the conditions at the 
blade. A BEM computation is represented by every curve of a blade variable for wind 
speed or one tip speed ratio. 
 
For the construction of the wind field which is necessary in order to create the fast 
simulation which concludes the program, some variables are needed. For the geometry 
parameters, the rotor radius is 1.0 m (from specifications of small wind turbines) and 
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the hub height is 3.0 m which is a mean height for wind turbines placed on a building. 
[48, 49, 50] 
 
For the wind parameters, the mean wind speed (as it is referred before) is 2.54 m/s and 
the turbulence intensity is about 10%. 
 
(
 
  
)   
 
  
   
 
With a=1/7 or 0.143, ur= 2.5 m/s and zr=41 m and z=41+14=55 m. So the wind speed at 
a height of 55 m is 2.54 m/s. 
 
The measurement is estimated about 14 m as Kalamaria has many four store apartment 
buildings. Finally, the roughness length z0 is 0.1. 
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Chapter 7: Results 
 
The major problem of this example was that the designed wind turbine had not the effi-
cient wind speed in order to produce enough power for anything. A mean power of 14 
W (17 W maximum), when the wind speed is 2.5 m/s, is not enough to generate a light-
ing bulb. 
 
Thus, in order to test the designed wind turbine in depth, a new site is selected with 
higher wind speed than the Kalamaria’s station. The scope of this chapter is to compare 
and test the same wind turbine at new wind velocity much higher than the first one to 
see how much more power can give. 
 
The new site which had been chosen is Tinos Island which is located at the Aegean Sea. 
The average wind speed at this location is much higher than the Kalamaria’s station. 
The average wind speed (with elevation height of 1 m) is 9.5 m/s. 
 
Thus for a 4 storey building the new wind speed for a height of 15 m is 14.1 m/s (the 
same calculation method from chapter 6 had been used here). For new pitch angle (14 
deg) and rotational speed 200 rpm the curves of power- wind speed and thrust – wind 
speed will be: 
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Figure 7.1: The curves P-v, S-v [46] 
 
So for these values the maximum power is for 14 degrees of pitch angle. And for the 
calculated wind speed the maximum power is 350 W a lot higher than the power gener-
ated at 2.5 m/s. The same huge difference it is shown with the thrust which is calculated 
80 N for 14.1 m/s.  
 
Finally the annual yield is calculated 754 kWh for Weibull’s k factor equal to 1.  
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Conclusions 
 
This thesis illustrates how a small wind turbine works when it is placed on a building in 
a building environment. To understand better the operation of this wind turbine a real 
example is taken. 
 
Assuming that the turbine is placed in a four-storey apartment building at the center of 
Kalamaria the wind speed, taking into consideration, the turbulence of the wind at the 
building area is calculated as 2.6 m/s. The wind velocity is calculated in the built envi-
ronment so there was no need for further calculations (it was important to understand 
that if the wind speed was calculated at a rural area different calculation method had to 
be used).  
 
The results were not the optimal as the wind turbine generated very low power (14 W). 
So the next step was to compare different wind speeds from different locations (espe-
cially in Greece) so to see if the wind turbine that was designed can generate enough 
power for a four storey apartment building. 
 
In order to test this wind turbine at higher wind levels a new location had been chosen. 
There was a difference at the power which was generated from the turbine and it was 
350 W (at 14.1 m/s wind speed). However the power is not enough for a four storey 
apartment building to operate which was the purpose of this dissertation. 
 
A bigger wind turbine with larger rotor radius and blade length is suggested at the new 
location in order to succeed a better power coefficient and higher power generation as 
the wind’s potential is optimal for high power generation. 
 
The roof’s wind velocity in average is larger than the wind speed which is undisturbed 
in the build environment. Although, the wind speed above the roof is still very small in 
addition to the wind speed at a wind turbine placed in open surroundings on a tall tower. 
So high buildings are necessary in order to have the maximum available wind speed in 
the built environment and produce an acceptable energy yield. 
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The testing standards by the manufacturers for small scale wind turbines are still under 
development, the local government (for this example Greek) installation regulations 
face difficulties and finally, public perception of small scale wind turbines, or systems 
in general, is in its infancy. 
 
The developing market of small wind systems still faces many challenges. The future is 
bright though. And this is because the manufacturers and the designers improve their 
technology and the public becomes more informed in order to make the small wind tur-
bines more viable than the solar photovoltaic are today. 
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Appendix A 
 
The scope of this appendix is to have a better look at tables and figures of different 
Weibull’s shape factors (k), the performance curve and finally the solidiy curve as it is 
important to see for how many blades will have better performance. 
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Figure A1: Weibull probability density function for different shape factors  [3] 
 
 
Figure A2: Weibull cumulative distribution function for different shape fa ctors [3] 
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Figure A3: Cp-λ performance curve with losses  [3] 
 
 
Figure A4: The effect of changing solidity  [3] 
 
A good solution would be that a wind turbine to have a large number of small individual 
solidity blades but with a second thought this will increase production costs and blades’ 
results which are very flexible and structurally weak. [3]  
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Appendix B 
 
The scope of this appendix is to see the wind direction distribution in % for every and 
each month separately, in order to understand from which direction the designed wind 
turbine has the orientation direction of the wind with the highest speed for longer time. 
[34] 
 
 
Figure B1: Wind Direction distribution in January [34]  
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Figure B2: Wind Direction distribution in February [34]  
 
 
Figure B3: Wind Direction distribution in March [34]  
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Figure B4: Wind Direction distribution in April [34]  
 
 
Figure B5: Wind Direction distribution in May [34]  
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Figure B6: Wind Direction distribution in June [34]  
 
 
Figure B7: Wind Direction distribution in July [34]  
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Figure B8: Wind Direction distribution in August [34]  
 
 
Figure B9: Wind Direction distribution in September [34]  
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Figure B10: Wind Direction distribution in October [34]  
 
 
Figure B11: Wind Direction distribution in November [34]  
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Figure B12: Wind Direction distribution in December [34]  
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Appendix C 
 
A good example of a generator is the PMG which is manufactured by Ginlong (a Chi-
nese manufacturer). The PMG comes in 2 models: [51] 
 
 The first rated at 0.5 kW and  
 The other at 1.0 kW. 
 
Both of them have the same diameter thus can be used to the same baseline WT design. 
So, the user can select either 0.5 kW rated PMG or 1.0 kW rated PMG for a lower or 
higher wind speed location respectively.  
 
 
 
Figure C1: The Ginlong generator (0.5 and 1.0 kW)  [51] 
 
  
  -103- 
Appendix D 
 
RPM 
 
The RPM is a variable to allow for peak power tracking. This tracking is used, for a 
given wind speed, to vary the RPM so that the optimum tip speed ratio can be con-
served. [38] 
 
 
Figure D1: Power and RPM for various speeds of the wind  [38] 
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Appendix E 
 
In order to define better the CL and CD factors a NACA0012 foil has been chosen. For 
NACA0012 and with Re number 200000 the above table shows every value for CL and 
CD for a different values of α. These values are calculated with the help of XFoil. [45] 
 
Table E.1: Different values of C L and CD [45] 
       XFOIL         Version 6.96 
   
 Calculated polar for: NACA0012H for VAWT from Sandia report SAND80-211 
   
 1 1 Reynolds number fixed          Mach number fixed          
   
 xtrf =   1.000 (top)        1.000 (bottom)   
 Mach =   0.000     Re =     0.200 e 6     Ncrit =   9.000 
   
   alpha    CL        CD       CDp       CM     Top_Xtr  Bot_Xtr 
  ------ -------- --------- --------- -------- -------- -------- 
 -14.750  -1.0665   0.07558   0.07090  -0.0293   1.0000   0.0686 
 -14.500  -1.1225   0.06442   0.05942  -0.0367   1.0000   0.0683 
 -14.250  -1.1604   0.05754   0.05224  -0.0396   1.0000   0.0683 
 -14.000  -1.1894   0.05272   0.04711  -0.0399   1.0000   0.0686 
 -13.750  -1.2125   0.04920   0.04328  -0.0382   1.0000   0.0689 
  -105- 
 -13.500  -1.2248   0.04603   0.03990  -0.0359   1.0000   0.0697 
 -13.250  -1.2120   0.04445   0.03837  -0.0350   1.0000   0.0709 
 -13.000  -1.2038   0.04328   0.03718  -0.0333   1.0000   0.0721 
 -12.750  -1.1990   0.04187   0.03565  -0.0313   1.0000   0.0734 
 -12.500  -1.1930   0.04025   0.03387  -0.0294   1.0000   0.0748 
 -12.250  -1.1882   0.03840   0.03176  -0.0273   1.0000   0.0763 
 -12.000  -1.1826   0.03663   0.02967  -0.0251   1.0000   0.0777 
 -11.750  -1.1716   0.03458   0.02743  -0.0236   1.0000   0.0794 
 -11.500  -1.1516   0.03357   0.02648  -0.0229   1.0000   0.0812 
 -11.250  -1.1336   0.03270   0.02558  -0.0218   1.0000   0.0832 
 -11.000  -1.1174   0.03160   0.02431  -0.0204   1.0000   0.0854 
 -10.750  -1.1016   0.03042   0.02289  -0.0189   1.0000   0.0876 
 -10.500  -1.0843   0.02891   0.02121  -0.0177   1.0000   0.0898 
 -10.250  -1.0627   0.02807   0.02044  -0.0170   1.0000   0.0922 
 -10.000  -1.0421   0.02736   0.01969  -0.0160   1.0000   0.0949 
  -9.750  -1.0224   0.02651   0.01868  -0.0148   1.0000   0.0977 
  -9.500  -1.0028   0.02554   0.01749  -0.0136   1.0000   0.1004 
  -9.250  -0.9806   0.02457   0.01662  -0.0129   1.0000   0.1035 
  -9.000  -0.9587   0.02399   0.01603  -0.0119   1.0000   0.1067 
  -8.750  -0.9376   0.02334   0.01524  -0.0108   1.0000   0.1103 
  -8.500  -0.9162   0.02241   0.01421  -0.0097   1.0000   0.1137 
  -8.250  -0.8939   0.02180   0.01368  -0.0088   1.0000   0.1173 
  -106- 
  -8.000  -0.8721   0.02130   0.01313  -0.0077   1.0000   0.1214 
  -7.750  -0.8506   0.02086   0.01250  -0.0064   1.0000   0.1253 
  -7.500  -0.8286   0.01997   0.01175  -0.0055   1.0000   0.1297 
  -7.250  -0.8068   0.01955   0.01134  -0.0044   1.0000   0.1344 
  -7.000  -0.7851   0.01919   0.01081  -0.0031   1.0000   0.1391 
  -6.750  -0.7633   0.01845   0.01021  -0.0020   1.0000   0.1441 
  -6.500  -0.7414   0.01809   0.00984  -0.0008   1.0000   0.1497 
  -6.250  -0.7195   0.01763   0.00932   0.0004   1.0000   0.1552 
  -6.000  -0.6980   0.01715   0.00894   0.0016   1.0000   0.1609 
  -5.750  -0.6762   0.01686   0.00860   0.0028   1.0000   0.1674 
  -5.500  -0.6547   0.01636   0.00816   0.0040   1.0000   0.1737 
  -5.250  -0.6331   0.01607   0.00789   0.0052   1.0000   0.1806 
  -5.000  -0.6114   0.01569   0.00752   0.0064   1.0000   0.1879 
  -4.750  -0.5899   0.01540   0.00730   0.0076   1.0000   0.1955 
  -4.500  -0.5682   0.01510   0.00699   0.0088   1.0000   0.2037 
  -4.250  -0.5466   0.01483   0.00681   0.0099   1.0000   0.2123 
  -4.000  -0.5247   0.01456   0.00657   0.0110   1.0000   0.2214 
  -3.750  -0.5029   0.01437   0.00642   0.0121   1.0000   0.2312 
  -3.500  -0.4810   0.01411   0.00625   0.0131   1.0000   0.2413 
  -3.250  -0.4586   0.01400   0.00613   0.0140   1.0000   0.2526 
  -3.000  -0.4362   0.01378   0.00603   0.0148   1.0000   0.2641 
  -2.750  -0.4138   0.01360   0.00594   0.0156   1.0000   0.2766 
  -107- 
  -2.500  -0.3718   0.01334   0.00579   0.0125   0.9948   0.2946 
  -2.250  -0.3262   0.01297   0.00557   0.0088   0.9872   0.3167 
  -2.000  -0.2801   0.01249   0.00536   0.0049   0.9804   0.3452 
  -1.750  -0.2385   0.01191   0.00516   0.0020   0.9711   0.3956 
  -1.500  -0.1995   0.01111   0.00502  -0.0002   0.9611   0.5169 
  -1.250  -0.1568   0.01046   0.00499  -0.0026   0.9537   0.6470 
  -1.000  -0.1233   0.01012   0.00497  -0.0028   0.9406   0.7210 
  -0.750  -0.0902   0.00988   0.00493  -0.0026   0.9259   0.7727 
  -0.500  -0.0589   0.00973   0.00490  -0.0020   0.9093   0.8120 
  -0.250  -0.0289   0.00965   0.00489  -0.0011   0.8909   0.8428 
   0.000   0.0000   0.00961   0.00486   0.0000   0.8696   0.8696 
   0.250   0.0289   0.00965   0.00489   0.0011   0.8428   0.8909 
   0.500   0.0590   0.00973   0.00490   0.0020   0.8120   0.9093 
   0.750   0.0902   0.00988   0.00493   0.0026   0.7728   0.9259 
   1.000   0.1233   0.01012   0.00497   0.0028   0.7210   0.9406 
   1.250   0.1568   0.01046   0.00499   0.0026   0.6471   0.9537 
   1.500   0.1995   0.01111   0.00502   0.0002   0.5168   0.9611 
   1.750   0.2385   0.01191   0.00516  -0.0020   0.3956   0.9711 
   2.000   0.2801   0.01249   0.00536  -0.0049   0.3452   0.9804 
   2.250   0.3262   0.01297   0.00557  -0.0088   0.3167   0.9872 
   2.500   0.3718   0.01334   0.00579  -0.0125   0.2946   0.9948 
   2.750   0.4137   0.01360   0.00594  -0.0156   0.2766   1.0000 
  -108- 
   3.000   0.4361   0.01378   0.00603  -0.0148   0.2641   1.0000 
   3.250   0.4585   0.01400   0.00613  -0.0140   0.2526   1.0000 
   3.500   0.4809   0.01411   0.00624  -0.0131   0.2413   1.0000 
   3.750   0.5028   0.01436   0.00642  -0.0121   0.2312   1.0000 
   4.000   0.5246   0.01456   0.00657  -0.0110   0.2214   1.0000 
   4.250   0.5465   0.01483   0.00681  -0.0099   0.2123   1.0000 
   4.500   0.5680   0.01510   0.00699  -0.0088   0.2038   1.0000 
   4.750   0.5898   0.01540   0.00730  -0.0076   0.1955   1.0000 
   5.000   0.6113   0.01569   0.00752  -0.0064   0.1880   1.0000 
   5.250   0.6330   0.01607   0.00789  -0.0052   0.1806   1.0000 
   5.500   0.6546   0.01635   0.00816  -0.0040   0.1737   1.0000 
   5.750   0.6761   0.01686   0.00860  -0.0028   0.1674   1.0000 
   6.000   0.6979   0.01715   0.00894  -0.0015   0.1609   1.0000 
   6.250   0.7194   0.01763   0.00931  -0.0004   0.1552   1.0000 
   6.500   0.7413   0.01808   0.00984   0.0009   0.1497   1.0000 
   6.750   0.7632   0.01845   0.01020   0.0021   0.1441   1.0000 
   7.000   0.7850   0.01919   0.01081   0.0031   0.1391   1.0000 
   7.250   0.8067   0.01955   0.01133   0.0044   0.1344   1.0000 
   7.500   0.8286   0.01997   0.01175   0.0055   0.1297   1.0000 
   7.750   0.8506   0.02086   0.01250   0.0064   0.1253   1.0000 
   8.000   0.8720   0.02130   0.01313   0.0077   0.1214   1.0000 
   8.250   0.8939   0.02180   0.01368   0.0088   0.1173   1.0000 
  -109- 
   8.500   0.9162   0.02241   0.01421   0.0097   0.1137   1.0000 
   8.750   0.9376   0.02334   0.01524   0.0108   0.1102   1.0000 
   9.000   0.9588   0.02399   0.01603   0.0119   0.1067   1.0000 
   9.250   0.9807   0.02457   0.01662   0.0129   0.1035   1.0000 
   9.500   1.0029   0.02554   0.01749   0.0136   0.1004   1.0000 
   9.750   1.0225   0.02651   0.01868   0.0148   0.0977   1.0000 
  10.000   1.0422   0.02736   0.01969   0.0160   0.0949   1.0000 
  10.250   1.0628   0.02807   0.02044   0.0170   0.0922   1.0000 
  10.500   1.0845   0.02891   0.02121   0.0177   0.0898   1.0000 
  10.750   1.1018   0.03043   0.02289   0.0189   0.0876   1.0000 
  11.000   1.1176   0.03160   0.02431   0.0204   0.0854   1.0000 
  11.250   1.1338   0.03270   0.02558   0.0217   0.0832   1.0000 
  11.500   1.1519   0.03357   0.02648   0.0228   0.0812   1.0000 
  11.750   1.1719   0.03459   0.02744   0.0235   0.0794   1.0000 
  12.000   1.1829   0.03664   0.02968   0.0251   0.0777   1.0000 
  12.250   1.1886   0.03841   0.03177   0.0272   0.0763   1.0000 
  12.500   1.1934   0.04026   0.03388   0.0293   0.0748   1.0000 
  12.750   1.1996   0.04187   0.03565   0.0312   0.0734   1.0000 
  13.000   1.2045   0.04328   0.03718   0.0332   0.0721   1.0000 
  13.250   1.2131   0.04444   0.03835   0.0348   0.0709   1.0000 
  13.500   1.2258   0.04606   0.03992   0.0358   0.0696   1.0000 
  13.750   1.2130   0.04923   0.04331   0.0381   0.0689   1.0000 
  -110- 
  14.000   1.1899   0.05276   0.04715   0.0397   0.0686   1.0000 
  14.250   1.1609   0.05761   0.05231   0.0394   0.0683   1.0000 
  14.500   1.1228   0.06455   0.05956   0.0364   0.0683   1.0000 
  14.750   1.0662   0.07587   0.07120   0.0288   0.0686   1.0000 
 
 
